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Abstract 
Hydrogen as an energy source is a promising solution for the future energy problems. From the economic standpoint, the largest 
obstacle in using the hydrogen is the effective and safe storage equipment. Up to now, there is no hydrogen storage which has a 
satisfying performance in both capacity and thermodynamics properties. Fe-Ti alloy is promising hydrogen storage because it 
absorbs hydrogen in room temperature. Unfortunately, its hydrogen absorption capacity is very low (1-1.9 wt %). Aluminum is 
known as one among the light metals that can be promoted as a substituting agent that can improve the surface area which 
interact with hydrogen. Alloying aluminum with Fe-Ti alloy is suggested to enhance the hydrogen absorption capacity. The 
synthesis and characterization of Fe-Ti-Al alloy with the atomic ratio of 10:10:1 prepared by mechanical alloying technique and 
its hydrogen absorption properties has been performed. The Fe-Ti-Al elemental powders were milled together in toluene solution 
using a high energy ball milling for 30 hours. The milled specimen is analyzed with an X-Ray Diffractometer and analyzed 
qualitatively and quantitatively using Rietveld method developed by Fuji Izumi. On hydriding at room temperature using low 
pressured Sievert Type Apparatus, Fe10Ti10Al transformed into FeTiH2 and TiH2. It is exhibited that Fe10Ti10Al hydride specimen 
contains almost 2.5 wt% hydrogen. This is an improvement from Fe-Ti-Mg alloy by Suwarno (2011) which contains 1.75 wt.% 
hydrogen. Consider the high hydrogen absorption capacity and the low hydriding temperature of this alloy, Fe10Ti10Al alloy 
could be promoted as new hydrogen storage materials. 
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1. Introduction 
Environmental issues in the 21st century are forcing the energy requirements in the future to depend on renewable 
energy source. Hydrogen as an energy source in the form of fuel cell has a lot of advantages over fossil fuel [1]. 
Hydrogen can be classified as a renewable fuel because it can be produced directly from sunlight or from water 
splitting mechanism from a renewable source e.g.: wind, hydro power, bacteria or from the usage of nuclear power 
[2]. One of the challenges to realize the hydrogen economy is its storage system. There are three kinds of methods 
for storing hydrogen: compressed hydrogen gas, cryogenic liquid hydrogen, and solid hydrogen storage with its own 
benefit and limitation. 
Storing hydrogen in the form of liquid and gas has weaknesses in its safety, mobility, and its energy efficiency. 
For example, a hydrogen gas pressure vessel requires materials that can withstand 400-800 bar of pressure. A lot of 
energy is needed to liquefy hydrogen for cryogenic storage. Therefore, the research in solid hydrogen storage is 
more dominant because solid storage offers higher volumetric and gravimetric density of hydrogen than gas and 
liquid storage and minimum risk of explosion cause by vessel leakage that could occur in gas and liquid hydrogen 
storage [2].  
One method for storing hydrogen in solid state is in the form of metal hydride. Metal hydride is used as reversible 
solid-state hydrogen storage at low pressure with high volumetric capacity [3]. This storage method also features low 
pressure operation for absorption and desorption, compactness, safety, excellent absorption/desorption kinetics, and 
long life cycle. Research and development efforts are still on-going to investigate lighter or higher capacity hydrides 
which could realize hydrogen economy [4]. This study focuses on storing hydrogen in the form of metallic hydrides, 
i.e.: alloy or intermetallic compound which could create a compound with hydrogen to form metal hydride.  
One of many transition metals and its alloy which react with hydrogen at elevated temperature to form hydrides is 
iron-titanium. Alloying iron with titanium gives FeTi intermetallic compound which has been examined many times 
due to its moderate kinetics with relatively high equilibrium hydrogen pressure (~4.5 atm) and also 
thermodynamically suitable for hydrogen storage because it can absorb and release hydrogen at room temperature. 
However, the FeTi alloy fails to fulfill energy density criteria because due to its low absorption capacity (1.8-1.9 
wt%). FeTi has CsCl-type structure which corresponds to Pm¯3m space group with a lattice parameter of 2.9789Å. 
FeTi reacts readily to form FeTiH׽1 (β- phase) and FeTiH׽2 (γ-phase) with tetragonal and cubic structures (Reilly 
and Wishwall, 1974), orthorhombic and monoclinic structures (Thompson, et al., 1978 and 1979), and orthorhombic 
structure with difference cell parameters. (Fisher et al., 1978 and 1987) [5]. 
2. Synthesis of the FeTi single phase alloy with CsCI-type structure has been conducted by Hotta et al. It was found 
that by mixing Ti (< 100 μm) and Fe (< 100 μm) in a high energy ball milling for 20 hours, single  phase FeTi alloy 
could be obtained with a crystallite size of around 4.5 – 6.0 nm. Ball-milling involves heavy deformation of the 
powders so the material as prepared is far from equilibrium and contains a high concentration of strain and defects. 
Under such condition, hydrogen absorption of the powders will not occur and therefore activation process is 
required. A typical activation of polycrystalline FeTi which consists of annealing at 450°C under hydrogen at high 
pressure should be conducted (L. Zaluska et. al., 1995). 
In this report, investigation of the hydrogen capacity of the Fe-Ti-Al alloy with the atomic ratio of Fe:Ti:Al = 
10:10:1 is prepared by a high energy ball milling in order to find new compound that can store hydrogen at a higher 
capacity at room temperature, making it suitable for practical applications. This alloy selection is calculated under 
the Miedema concept on enthalpy. To be presented also here the hydrogen capacities of Fe-Ti alloy base hydrides 
obtained by other researchers. 
3. Materials and methods 
3.1. Specimen preparation 
The Fe-Ti-Al alloy has been prepared by mechanical alloying process using elemental crystalline powder of iron 
purchased from Sigma Aldrich at a purity of 97% with a particle size of -325 mesh (<44 μm), titanium purchased 
from Sigma Aldrich at a purity of 99.7% with a particle size of -100 mesh (<149 μm), and aluminum purchased 
from Mercks at a purity of 99.9% with a particle size of -40 mesh (<400 μm). About 15 grams of the 
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aforementioned iron, titanium, and aluminum powder were mixed together with the atomic ration of 10:10:1, 
denoted as Fe10Ti10Al in a vial made of stainless steel with a diameter of 5.1 cm and 7.6 cm in length. The balls used 
in the milling process were made of stainless steel with the diameter of 10mm and the powder-balls weight ratio of 
1:8. This experiment used toluene (C7H8) as a solvent and was poured together in the vial with the powder and balls 
to prevent the powder from oxidizing and burning. Toluene is also acts as cooling medium during milling process to 
prevent overheating. The powder weighing and mixing process was done in a glove box with argon atmosphere.  
3.2. Milling process 
The mechanical alloying process is performed for 30h at room temperature using high energy ball milling, Mixer 
Mill, type PW700i, made by a local company. One cycle of milling consist of 90 minutes run time and 30 minutes 
off time with the speed of 1300 rpm. This means that 30h of milling requires 15 cycles of operation. A few grams of 
specimen were taken from the vial every 5h of milling for SEM and XRD analysis. The quality and quantity of the 
phases formed are analysed using a Philip PW 1710 x-ray diffractometer (XRD), with Cu as the anode tube and λ = 
1.5406 Å. Continuous scanning is conducted at 0.02° step size and 0.5 second/step. The scanning results are 
analysed using Rietveld method developed by Fuji Izumi [6]. 
3.3. Hydriding process 
Hydriding experiment is conducted in a Sievert system developed by the Author, a system consisting of a turbo 
molecular pump, a rotary vacuum pump, and several components for high vacuum purposes, which can be operated 
under high vacuum condition up to 1×10-5 mbar with a maximum operating pressure of 1,000 mbar or under positive 
pressure of 60 bar.  
About 3-4 grams of milled Fe10Ti10Al powder was placed into the hydriding system then vacuumed to 4.5×10-2 
mbar. The powder then was annealed for 2h at 450°C to remove toluene from the system and to recrystallize the 
powder due to the change of the powder crystal structure to amorphous state during milling. The hydriding process 
was done in room temperature. 
 
 
Fig. 1. Sievert system for hydriding process. 
Fig. 1 shows the Sievert system used in this research. After the specimen is vacuumed, the hydrogen gas is 
flowed through the system. The hydrogen absorption was observed by measuring the difference of pressure between 
the condition when the valve 1 is closed which means no hydrogen in the specimen chamber, and the condition 
when the valve 1 is open which means hydrogen is in contact with the specimen. The pressure measured on pressure 
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gauge 1 will gradually decrease which indicates that the specimen is absorbing hydrogen. This process continues 
until the pressure measured by the pressure gauge will not go any lower indicating no more hydrogen absorbed by 
the specimen. The hydrided specimen was then purged with ultra-high purity argon before taken out from the system 
for analysis.  
4. Results and discussion 
4.1. XRD refinement results 
Fig. 2 shows the refinement XRD result of the Fe10Ti10Al after milling for 30 h. It is showed that after milling, 
the three components mainly forms FeTi compound about 75 wt% (see Table 1). Atomic composition of Fe:Ti = 1:1 
is suggested to be the main factor in the formation of FeTi compound. The presence of Al does not disturb the 
formation of FeTi compound and consequently will increase the hydrogen capacity in the Fe-Ti alloy. The 
disappearance of Al is due to the irregular shape in the alloy and the small ratio of Al over the Fe and Ti. 
 
Fig. 2. The XRD refinement result for Fe10Ti10Al after milling for 30 h. 
Table 1. Mass fraction of  Fe10Ti10Al specimen after milling for 30 h. 
No Compound Phase Mass Fraction (wt.%) 
1. Titanium Ti 3.66 
2. Iron Fe 21.33 
3. Iron Titanium FeTi 75.01 
 
Fig. 3 shows the refinement XRD result of the Fe10Ti10Al after hydriding at room temperature. It is showed that 
on hydriding the FeTi compound absorbed hydrogen at a relatively higher level than that of the FeTi formed from 
the Fe2Ti and Mg2Ti5Fe6 specimens previously conducted by Suwarno (2011) [7]. Consequently, it will reduce the 
formation of the TiH2 compound which is unwanted hydride due to its high stability and irreversibility which makes 
it not suitable for hydrogen storage material. It can be seen from Table 2, Table 3, and Table 4 where the formation 
of TiH2 compound reduced significantly into 24.03 wt% compared with  Mg2Ti5Fe6 (71.1%) and FeTi (25.32%). No 
formation of FeTiH2 compound can be explained by the Miedema theorem [8,9], where the dissociation enthalpy of 
FeTiH is smaller than that of FeTiH2. Again, the presence of Al increases the hydrogen capacity of the Fe-Ti alloy 
specimen. 
FeTi 
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Fig. 3. The XRD refinement result for Fe10Ti10Al after hydriding at room temperature. 
Table 2. Mass fraction of Fe10Ti10Al alloy after hydriding. 
No Compound Phase Mass fraction 
(wt.%) 
1. Titanium Hydride TiH2 24.03 
2. Iron Fe 20.62 
3. Iron Titanium Hydride FeTiH 55.35 
Table 3. Mass fraction of Fe2Ti alloy after hydriding. 
No Compound Phase Mass fraction 
(wt.%) 
1. Titanium Iron Hydride β-Ti4FeH8.5 32.5 
2. Iron Fe 42.18 
3. Titanium Hydride TiH2 25.32 
Table 4. Mass fraction of Mg2Ti5Fe6l alloy after hydriding. 
No Compound Phase Mass fraction 
(wt.%) 
1. Titanium Iron Hydride β-Ti4FeH8.5 16.7 
2. Iron Fe 12.2 
3. Titanium Hydride TiH2 71.1 
 
Different from Mg2Ti5Fe6 and FeTi specimens, where on hydriding it would produce ternary β-Ti4FeH8.5 
compound, the Fe10Ti10Al specimen produced ternary FeTiH compound. The difference can be explained as follows. 
The hydriding reaction of the Mg2Ti5Fe6 and Fe10Ti10Al specimens can be written as follows:  
ܨ݁ʹܶ݅ ൅ ܨ݁ܶ݅ ൅ ͵ܨ݁ ൅ ܯ݃ሺܽ݉݋ݎ݌݄݋ݑݏሻ൅ ͵ܶ݅ሺܽ݉݋ݎ݌݄݋ݑݏሻ൅ܪʹÆߚെ ܶ݅Ͷܨ݁ܪͺǤͷ ൅
ܶ݅ܪʹ ൅ ͷܨ݁ ൅ ܯ݃ሺܽ݉݋ݎ݌݄݋ݑݏሻ  (1)
 
FeTiH 
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ܨ݁ܶ݅ ൅ ܨ݁ ൅ ܶ݅ሺܽ݉݋ݎ݌݄݋ݑݏሻ൅ ܣ݈ሺܽ݉݋ݎ݌݄݋ݑݏሻ൅ܪʹÆܨ݁ܶ݅ܪ ൅ ܨ݁ ൅ ܶ݅ ൅ ܣ݈ሺܽ݉݋ݎ݌݄݋ݑݏሻ 
  (2) 
Suppose the β -Ti4FeH8.5 compound consisted of FeTiH, 3TiH2 and 1.5H2, therefore the energy formation of β -
Ti4FeH8.5 is little higher than FeTiH but much smaller than FeTiH2. Consequently the presence of Mg increase the 
energy formation of Fe-Ti-hydride, while none for the case of Al.   
4.2. Microstructure 
Fig. 4 shows the microstructure of (a) annealed Fe10Ti10Al after 30h of milling and (b) hydride Fe10Ti10Al at room 
temperature. Compared with the annealed specimen, the hydrided specimen shows little agglomeration and has 
brighter contrast at the edge of the grains due to the hydrogen interstition into the crystal lattice of the Fe10Ti10Al.  
 
   
(a) (b) 
Fig. 4. Microstructure of (a) annealed Fe10Ti10Al after milling for 30h; (b) hydrided Fe10Ti10Al at room temperature. 
4.3. Hydriding results 
Fig. 5 shows the hydriding results of Fe10Ti10Al specimen, presented together with the FeTi obtained by Zaluska 
[10], Fe2Ti, and Mg2Ti5Fe6 obtained by Suwarno [7]. It is exhibited that Fe10Ti10Al specimen seems to absorb 
hydrogen higher than the other. It contains almost 2.5 at% hydrogen. Zaluska pointed out that the plateau pressure 
for Fe-Ti can be found at a pressure of about 1 bar, which comes from the equilibrium pressure of FeTi + ½H2 <=> 
FeTiH. It is suggested that the change in hydrogen absorption characteristics for the nanocrystalline Fe2Ti (in the 
range of formation of Fe+TiH2), due to the excess of Fe and the highly disordered structures, is caused by the 
influence of structural defects and internal strain on the metal-hydrogen phase diagram. It can be seen from the 
plateau pressure of Fe10Ti10Al alloy, in which it is much lower, compared to that of Fe2Ti, FeTi, and Mg2Ti5Fe6. The 
lower plateau pressures of Fe10Ti10Al specimen compared to the other is an indication that it absorbed hydrogen 
faster and higher than that of pure Fe2Ti, FeTi, and Mg2Ti5Fe6 alloys and therefore can be promoted as candidate for 
hydrogen storage material. 
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Fig. 5. Hydrogen capacity of the Fe10Ti10Al specimen at room temperature, presented together with Mg2Ti5Fe6 and Fe-Ti alloys [7]. 
4.4. Thermal analysis 
Thermal analysis was done using TGA/DTA to observe the desorption analysis of the metal hydride. Fig. 6 
shows the DTA curve from the Fe10Ti10Al. The 72 mg of specimen is heated from room temperature to 100°C at the 
heating rate of 2 °C/min in argon atmosphere. There are endothermic peaks observed, marked by the circles. The 
endothermic peaks are the evidence of hydrogen release from the specimen.  
 
 
Fig. 6. DTA curve of Fe10Ti10Al specimen. 
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The endothermic peaks also revealed that the Fe10Ti10Al synthesized in this research can release hydrogen at the 
temperature below 100°C, which has a good reversibility property and is promising for automotive application that 
needs a low hydrogen releasing temperature.  
5. Conclusion 
Synthesis of the Fe10Ti10Al specimen can be conducted using a high energy ball milling. On milling, Fe10Ti10Al is 
converted into FeTi compound as the major component while the rest is Fe. On hydriding, the Fe10Ti10Al specimen 
results in the formation of FeTiH compound as the major component which absorb more hydrogen than FeTi, Fe2Ti, 
and Mg2Ti5Fe6 and also has low hydrogen releasing temperature (under 100°C), making it a promising candidate for 
future hydrogen storage materials. Further investigation using a computer code is required to determine the precise 
composition of Fe10Ti10Al specimen. 
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